ABSTRACT Phosphoglucomutase (PGM) activity was measured in spinach (Spinacia oleracea L.) chloroplasts. Initial enzyme activity in a chloroplast lysate was 5 to 10% of total activity measured with 1 micromolar glucose 1,6-bisphosphate (Glcl,6-P2) in the assay. Initial PGM activity increased 2-to 3-fold when chloroplasts were illuminated for 10 minutes prior to enzyme measurement and then decreased slowly in the dark. Measurements of total enzyme activity were unchanged by prior light treatment. Inifial PGM activity from light treated chloroplasts was sufficient to account for in vivo rates of starch synthesis. Changes in PGM activity were affected by stromal pH and orthophosphate concentration. Photosynthetic inhibitors, DL-glyceraldehyde, glycolaldehyde, and glyoxylate, decreased and 3-phosphoglyceric acid increased light induced changes of PGM activity. Dark preincubation of chloroplasts with 10 millimolar dithiothreitol had no effect upon initial PGM activity, suggesting that light effects did not involve a sulfhydryl mechanism. Hexose monophosphate levels increased in illuminated chloroplasts. Activation of PGM in a chloroplast lysate by Glcl,6-P2 was maximal between pH 7.5 and 8.5. Stromal concentrations of Glcl,6-P2 were between 20 and 30 micromolar for both light and dark incubated chloroplasts and these levels should saturate PGM activity. Light dependent alterations of enzyme activity may be due to changes of phosphorylated PGM levels in the stroma or are the result of changes in residual activity by the dephosphorylated form of the enzyme. The above results indicate that PGM activity in spinach chloroplasts may be regulated by light, stromal pH, and Glc1,6-P2 concentration.
Although the actual enzyme mechanism is uncertain, it is clear that Glc1,6-P2 functions as an obligate cofactor in the PGM reaction (2, 4, 19, 21) . Unlike the mammalian enzyme, extractable PGM activity from plant sources is negligible in the absence of Glc1,6-P2 (4, 9, 18, 24) . Beitner (2) reported that Glc 1,6-P2 was detectable in plant tissues but did not present data supporting this observation. Although PGM catalyzes a reversible reaction in vitro, there is evidence that the enzyme in vivo is slightly displaced from equilibrium (7) . Clearly, PGM has properties suggesting that it could be an important control point in photosynthetic carbon flow.
At least six spinach chloroplast enzymes exhibit altered activity in the light. These chloroplast enzymes are activated or inactivated either by a thioredoxin-mediated sulfhydryl reduction or by light-driven changes of stromal pH and cation concentration (3, 13) . It is currently accepted that light dependent enzymes are important in activating CO2 fixation and other photosynthetic processes (17) . At present, there is no information suggesting that any enzyme involved in starch synthesis is activated by light. This observation may be considered unusual in view of the overall importance of light dependent enzyme activation to photosynthetic metabolism. Results of the present study suggest that spinach chloroplast PGM activity increases in the light.
MATERIALS AND METHODS

Plant Material
Chloroplasts were isolated from mature leaves of 4-to 5-week-old spinach plants (Spinacia oleracea var. Viroflay) as previously described (15) . The washed chloroplast pellet (80-90% intact) was resuspended in a small volume of 330 mM sorbitol, 50 mm Mes-NaOH (pH 6.7), 2 mm EDTA, 1 mM MgCl2, and 1 mm MnCl2 and was stored on ice. Plants were raised from seed in controlled environment chambers providing 700 ,umol m-2 s-', PPFD, with a 9 h photoperiod, a 23°C day/18°C night cycle and 65% relative humidity. Plants were raised in large plastic trays containing vermiculite and were watered daily with complete mineral nutrient solution (22 Enzyme measurements were usually performed at 27°C by injecting 20 to 50 uL of the chloroplast suspension directly into mL reaction mixture containing 50 mM Hepes-NaOH (pH 7.6), 1 mM MgCl2, 0.2 mm NAD+, and unit of Glc6-P dehydrogenase from Leuconostoc mesenteroides. Assays were initiated with 2 mm Glcl-P and increased absorbance was measured at 340 nm. After measuring initial PGM activity, total enzyme activity for each sample was determined using 1 or 2 ,M Glc 1,6-P2. Deviations from the standard assay are indicated in the text.
Metabolite Measurements
Extraction and analysis of Glcl,6-P2 from whole leaf and isolated spinach chloroplasts was similar to methods described for muscle tissue (1) . Leaf material (0.2 g fresh weight) and isolated chloroplasts (about 0.3 mg Chl) were extracted with 5% (v/v) HC104 at 0°C. Samples were centrifuged at 5OOg for 10 min and the supernatants were neutralized with 3 M KOH. Insoluble KCl04 was removed by centrifugation and 1 mL of the supernatant was alkalized with 10 uL of 3 M KOH. Inhibitors of PGM activity were destroyed by incubating samples at 85°C for 30 to 60 min. After cooling, the extracts were neutralized with 5 ,uL of 4 M HCl and decolorized with 5 mg activated charcoal. Samples were either assayed immediately or were stored at -20°C before use. The stromal metabolites, Glc6-P, Glcl-P, and Fru6-P, also were extracted with HCl04 as described above, except that the final alkalization and heating steps were deleted. Hexose monophosphates were assayed enzymically using fluorimetric detection of NADPH formation (1 9) . Extractable Glc1,6-P2 was detected as a cofactor of the PGM assay as described by Passoneau et al. (19) . Standard curves were prepared with known amounts of Glc1,6-P2 (Sigma Chemical Co., St. Louis, MO).2 Rabbit muscle PGM was dephosphorylated before use by the method of Layne and Najjar (16) . All Glcl-P preparations used in this study were freed of contamination by Glc1,6-P2 using ion exchange chromatography (21) . Recovery of standard metabolites from leaf and chloroplast extracts was nearly 100%. Pheophytin and Chl were extracted and measured in 80% (v/v) acetone by the method of Vernon (25) . RESULTS 
AND DISCUSSION
Changes of Initial and Total PGM Activity in Isolated Spinach Chloroplasts
Less than 10% of total PGM activity in the stroma was detectable in a chloroplast lysate when assays were performed in the absence of added Glc1,6-P2 (Fig. 1) . Similar results 2 Names of products are included for the benefit of the reader and do not imply endorsement by the U.S. Department of Agriculture. have been reported for PGM preparations from various plant sources (4, 9, 18, 24) . However, initial PGM activity increased 2-to 3-fold during the first 10 Photosynthetic 02 evolution by intact spinach chloroplasts has an optimal requirement for 0.3 to 0.5 mm external Pi (10) . Photosynthesis is limited by Pi availability when the external Pi concentration falls below these levels. Conversely, high concentrations of Pi inhibit CO2 fixation by draining the chloroplast of photosynthetic intermediates via the Pi translocator (12) . Light activation of several chloroplast enzymes is dependent upon external Pi supply (17) . The Pi requirement for light dependent changes in stromal PGM activity is shown in Figure 2 . A small but consistent decrease in initial PGM activity occurred when isolated spinach chloroplasts were illuminated in the absence of Pi for 10 min at pH 7.8. Effects of Pi concentration in the dark were minor but initial PGM activity in illuminated chloroplasts increased rapidly as Pi was increased from 0 to 0.5 mm. External Pi concentrations greater than 0.5 mm inhibited CO2 fixation (not shown) but did not prevent light dependent changes in initial PGM activity.
The pH of the stroma increases from about pH 7.1 in the dark to about pH 8.0 in the light (1 1). This light dependent alkalization of the stroma is a critical factor in activating photosynthetic CO2 fixation (8, 11) . In the present study, maximal rates of photosynthetic 02 evolution by isolated spinach chloroplasts were observed when the pH of the external medium was between 7.5 and 8.0 (Fig. 3A) . This finding was in agreement with published results (1 1). Light induced changes in stromal PGM activity exhibited a similar pH dependence, whereas external pH had little effect on the measurable activity of PGM in dark incubated chloroplasts (Fig. 3B) .
Effects of various additions to the chloroplast medium on light or dark dependent changes in initial PGM activity are shown in Table I . In the first experiment (Table IA) , 3 (19) . The above results are based upon an enzyme bioassay that has been used extensively by animal investigators. In the future, it will be necessary to positively demonstrate that the factor activating PGM in plant extracts is Glcl ,6-P2. The Glcl ,6-P2 concentration of isolated spinach chloroplasts incubated in sorbitol medium in the dark at 25°C for 10 min was 0.7 ± 0.04 nmol (mg Chl)-'. Although chloroplasts contained about one-half of the total cellular concentration of this metabolite, photosynthetic intermediate levels can be underestimated by using measurements of aqueously prepared chloroplasts (26) . To our knowledge, Glc 1,6-P2 measurements previously have not been reported for leaf or chloroplast extracts. It is not surprising that Glc 1,6-P2 is found in chloroplast preparations because stromal PGM is strongly activated by the presence of coenzyme (21) ( Table I) . Chloroplast Glc 1,6-P2 levels decreased slightly to 0.5 ± 0.05 nmol (mg Chl)-' after 10 min of illumination in sorbitol medium containing 5 mM NaHCO3. Therefore, it is not likely that the light dependent changes of stromal PGM activity shown in Figures 1 through 3 were the result of increased Glc 1,6-P2 levels.
The internal volume of spinach chloroplasts is about 25 gL (mg Chl)-' when determined with 3H20 (11) . The stromal Glcl,6-P2 concentration for these chloroplast preparations was between 20 and 30 gM. These cofactor levels are one order of magnitude higher than necessary to fully saturate PGM activity (4, 9) . The concentration ofGlc 1,6-P2 in animal tissue is also present in vastly excessive quantities (2), suggesting that measurements of total cofactor concentration do not accurately reflect the effective concentration in vivo. The amount of Glcl,6-P2 released upon chloroplast lysis during the measurement of initial PGM activity as in Figure 1 would produce a final coenzyme concentration of only 1 or 2 nM, which is far below levels required for PGM activity. Because Glcl,6-P2 levels in the stroma are so low, it is not possible at the present time to test for the presence of enzyme-bound forms of Glcl,6-P2 in chloroplast extracts. It will be necessary in the future to directly measure changes in the activated form of PGM, in order to show that the light dependent changes in initial PGM activity described above are attributable to altered levels of phosphorylated PGM in the chloroplast.
Dependence of PGM Activity in a Chloroplast Lysate on pH and Glcl,6-P2 Levels Results presented in Figure 3 and Table I make it clear that increased PGM activity in the light is dependent upon stromal alkalization. The effects of pH on PGM activity in a chloroplast lysate were examined in an effort to better understand the regulation of this enzyme in situ. In the first experiment, intact spinach chloroplasts were diluted 50-fold into reaction media containing 5 gM Glc1,6-P2. Assays were initiated with a final concentration of 2 mm Glc 1-P after chloroplast lysis. The activity profile for stromal PGM was strongly alkaline (Fig. 4) . Maximal enzyme activity between pH 8.0 and 8.5 was 2.5 times greater than similar assays performed at pH 7.0. Muhlbach and Schnarrenberger (18) previously reported that the plastid and cytosolic isoforms of spinach leaf PGM exhibit maximal activity between pH 7.8 and 7.9.
The effects of preincubating stromal PGM with Glcl,6-P2 were examined in a related experiment. In this study, 0.5 mL of a chloroplast suspension was collected by centrifugation and the sorbitol medium was removed. The chloroplast pellet was osmotically shocked by resuspension in 1.0 mL of buffer containing 50 mM Hepes-NaOH (pH 8.0), and 1 mM MgC12 and the chloroplast membranes were removed by centrifugation. The supernatant was made 2 ,M with Glc1,6-P2 and was incubated at room temperature for 5 min. Assays of PGM activity were performed by diluting the lysate preparation 20- fold into assay media that contained only Glc1,6-P2 that was introduced with the enzyme extract. Enzyme rates measured between pH 6.5 and 9.0 were about 0.2 gmol (mg Chl)-' min-' or less (i.e., in the presence of 0.1 AM Glcl,6-P2). This activity was less than 10% of the rate observed with 5 um Glcl,6-P2 included in the assay. A 3-to 4-fold increase in PGM activity occurred when the volume of lysate added to the reaction mixture was doubled (data not shown). These findings indicated that PGM activity was strictly dependent upon the presence of Glc 1,6-P2 in the assay. If the light induced changes in stromal PGM activity shown in Figures 1 through 3 were due to a pH and Glc 1,6-P2-dependent enzyme activation in situ, then it should have been possible to phosphorylate PGM in a chloroplast lysate at pH 8.0 with added Glc1,6-P2. In addition to control by Glcl,6-P2, it is possible that light dependent changes of stromal PGM activity in the chloroplast are mediated by changes in the residual enzyme activity possessed by the dephosphorylated form of PGM (21) . Effects of pH on the stimulation of stromal PGM activity by Glc 1,6-P2 was examined in Figure 5 . In this study, spinach chloroplasts were injected into reaction media containing different levels of Glc 1,6-P2. Stromal PGM activity was saturated with 1 gM Glc 1,6-P2 when assayed at pH 7.2. In similar experiments performed at pH 8.2, stromal PGM was activated by up to 5 ,M Glc 1,6-P2 and the enzyme rate increased about 45% over that seen at lower pH. Replots of the data in Figure  5 indicated that the apparent Ka for Glc 1,6-P2 increased from 0.14 to 0.54 gM when the pH was increased from 7.2 to 8.2. Similar half-maximal activation constants have been reported for PGM from pea and mungbean seedlings (9) . The Km for Glcl-P in this study was b Values in parentheses are Glc6-P/Glc1-P and Glc6-P/ Fru6-P ratios, respectively. appeared previously (6, 7) . Starch synthesis in the stroma is entirely dependent upon the synthesis of Glcl-P from Glc6-P, which in turn, is synthesized from Fru6-P. Hexose phosphate measurements using aqueously prepared spinach chloroplasts are shown in Table II . After a brief lag period, both Glc6-P and Fru6-P increased when intact chloroplasts were illuminated for 8 min. There was also an apparent increase in stromal Glcl-P concentration in the light, although levels of this metabolite were quite low and approached the lower limit of detection. All three photosynthetic intermediates decreased substantially in the dark samples. Although metabolite levels in the current study were slightly lower than in nonaqueously prepared chloroplast samples, there was still excellent agreement with published findings. The results in Table II support earlier suggestions (6, 7) that PGM and phosphoglucoisomerase are near or slightly displaced from equilibrium and that the low levels of Glcl-P in the stroma may impose a rate-limitation on starch synthesis. The above findings suggest that the activity of PGM in the chloroplast can effectively be controlled by stromal pH and by Glc 1,6-P2 concentration. The expected activity of PGM in the dark would be low because the pH of the stroma is low. Illumination increases the pH of the stroma by about 1.0 pH unit and this alkalization is capable of increasing PGM activity in the chloroplast by two mechanisms. Activation of PGM by Glcl,6-P2 increases substantially at higher pH, and secondly, the rate of catalysis in the presence of saturating coenzyme is maximal at pH 8.0 or above.
In addition to pH mediated effects oflight on PGM activity, a small, light induced change in initial PGM activity can be measured immediately after chloroplast lysis. Light dependent increases of initial PGM activity as shown in Figure 1 , may be due to the increased formation of phosphoenzyme in illuminated chloroplasts. Indeed, comparisons of initial and total PGM activity have been used previously to calculate the percentage of phosphoenzyme in plant extracts (9) . Although PGM in mammalian tissue extracts is almost entirely phosphorylated, results reported above and previously (4, 9, 24) suggest that PGM from plant sources is mostly dephosphorylated. Difficulty in phosphorylating PGM, both in situ ( Fig.  1 ) and in vitro (Fig. 4) , is potentially significant and raises the possibility that the activation of PGM by Glcl ,6-P2 may have an important, metabolic control function in the plant cell. Alternatively, light effects on initial PGM activity may reflect changes in the residual activity of the inactive form of the enzyme.
The experiments reported above permit the following, additional conclusions. Light dependent alterations in PGM activity are affected by chloroplast pH and require that Pi be supplied to the stroma. Studies with OAA, 3-PGA, glycolaldehyde and DL-glyceraldehyde show that carbon flow is necessary to obtain light induced changes of PGM activity. One possible explanation of these collective results is that light dependent alterations of PGM activity require turnover of the ATP pool. Further research is necessary to elucidate this matter.
Light mediated changes in PGM activity are considerably smaller than activity increases observed for other light dependent stromal enzymes. The initial activity of PGM in the light was about 0.4 ,mol (mg Chl)-' min-'. This enzyme activity is sufficient to process about 50% of carbon fixed into starch when the leaf is performing at maximal rates of photosynthesis [i.e., 5 ,umol CO2 (mg Chl)-' min-']. The actual activity ofPGM in the stroma will depend upon several factors including pH, Glc6-P and Glc 1,6-P2 levels, and Pi availability. Additional factors, such as Mg2+ concentration, temperature and enzyme effectors, may also combine to influence the activity expressed in vivo. Total PGM activity was 5-to 10-fold higher than initial activity. This result suggests that the chloroplast may have a large reserve capacity for PGM activity that can be accessed when there is a need for additional starch synthesis. It was also interesting to note that the highest initial PGM activities observed in this study were when 3-PGA was included in the chloroplast medium. It has been reported previously that 3-PGA is a powerful, positive effector of starch synthesis ( 12, 20) .
